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Identification and characteristics of a Na/Ca2' exchanger in cultured
human mesangial cells. Excitable cells express Na/Ca2 exchange
activity among other mechanisms modulating rapid fluctuations of
cytosolic free Ca2 ([Ca2]). We studied functions and regulation of a
Na'VCa2 exchanger in cultured human glomerular mesangial cells.
Fura-2-loaded confluent monolayers reacted to removal of ambient Na
with an immediate, transient elevation of [Ca2}, assessed by single!
dual wavelength fluorometry. Peak [Ca2] was inversely correlated
with the extracellular Na concentration. Ca2 influx was the sole
mechanism implicated, as the [Ca2] rise was prevented by EGTA. The
process was inhibited by 1 mst amiloride, but not by blockers of
voltage-operated Ca2 channels. Re-addition of Na resulted in a rapid
decrease of (Ca2]1, indicating bimodal operation of the exchanger.
Na-loading the cells with monensin and ouabain enhanced Ca2
uptake. Prior stimulation of [Ca2]1 with the thromboxane A2 mimetic,
U-466l9, or angiotensin II also increased Ca2 uptake upon subsequent
Na removal, suggesting induction of the exchanger by vasoconstric-
tors. Moreover, the magnitude of agonist-induced [Ca2]1 transients
was amplified by Na removal, indicating that the exchanger modulates
the effects of vasoconstrictors. These results demonstrate that an
inducible Na!Ca2 antiporter is operative in resting and stimulated
human mesangial cells, further confirming their smooth muscle origin
and potential regulatory role on glomerular hemodynamics.
Mesangial cells play a major role in the pathophysiology of
the kidney glomerulus. These mesenchymal cells form the
central axis of the glomerular stalk, and produce an extracellu-
lar basement membrane-like matrix, which may serve a filtering
function [1—3]. Abnormal matrix production and mesangial cell
proliferation are felt to be key events in glomerular sclerosis, a
common end point of various renal diseases [4]. Additionally,
mesangial contraction may modify the spatial organization of
the filtration structure. This process may represent one of the
mechanisms regulating glomerular hemodynamics [2, 5].
A large body of work in cultured cells of rodent and human
origin has established that receptors for a number of hormones,
cytokines and vasoactive agents regulate the activity of multiple
intracellular signal transduction systems implicated in the con-
trol of mesangial contractility [2]. Recently, a role for cytosolic
free Ca2 ([Ca21) has been identified as an early signal for
contractile stimuli [6—9]. Most vasoconstrictors that reduce the
filtration surface area in vivo and contract mesangial cells in
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culture have been shown to stimulate a phosphatidylinositol
(4,5)-bisphosphate-specific phospholipase C, with resulting ac-
cumulation of inositol phosphates [10]. Inositol(1,4,5)-trisphos-
phate (InsP3) acts in a variety of cell types as a Ca2-gating
intracellular messenger, discharging internal stores of Ca2. As
a result, [Ca2]1 is rapidly and transiently elevated [11]. Studies
with fluorescent intracellular probes confirmed this general
behavior in mesangial cells [6—9]. However, little is known
about the mechanisms by which mesangial cells regulate their
resting [Ca2]1 within narrow limits around 100 nM, and how the
massive release of Ca2 that follows InsP3 formation is han-
dled. Other ion fluxes occur in activated mesangial cells,
including Na influx and W extrusion. The process is balanced
by C1/HC03 countertransport, resulting in no net change of
cytosolic pH. There is evidence that C1/HCO3 exchange is
bidirectional, with differential sensitivity to extracellular Na
[12—141. As a result of faster cycling of monovalent ions across
the plasma membrane, accumulation of intracellular Na might
occur, as reported in various serum- or agonist-activated mes-
enchymal cell types [15].
Since excitable cells that undergo rapid shifts of [Ca2]1
display multiple systems of Ca2 transport, we asked whether a
link exists between the intracellular and extracellular concen-
trations of these cations. We therefore focused our attention on
Na/Ca2 exchange, as a potential mechanism regulating rest-
ing and stimulated [Ca2]1 of mesangial cells. Such counter-
transport mechanism has been identified in certain extrarenal
smooth muscle cell types, and may be of critical importance in
regulating vascular reactivity in various pathophysiologic set-
tings [16—22]. Within the kidney, transport epithelia also ex-
press Na/Ca2 exchange activity [22—24]. The present study
is, to our knowledge, the first description of a constitutive and
inducible Na/Ca2 exchanger in cultured human glomerular
cells.
Methods
Cell culture
Four human mesangial cell lines were established from gb-
merular explants according to previously published techniques[8, 25] and maintained in culture for up to 15 passages.
Glomeruli were obtained from kidneys non-suitable for trans-
plantation or histologically normal tissue from nephrectomy
specimens. Written consent of patients or relatives was ob-
tained in all cases. Two human cell lines were provided by Dr.
H.E. Abboud (VA Medical Center, Cleveland, Ohio, USA).
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Characterization of human cells was carried out tr each line
during early passages [81. The cells displayed the morphology of
contractile cells, with bundles of microlilarnents and dense
bodies on transmission electron microscopy. Contractility in
response to angiotensin II (Ang II) arid the TxA2 niir. ic,
U-466l9, was assessed by phase-contrast microscopy. Iu.nu•-
noperoxidase staining was positie for fibronlectilA and virnen-
tin, markers of niesenchymal cells; desinin arid smooth niuscle
myosin, markers of smooth niuscle; arid negative for the
epithelial and endothelial cell markers, cytokeratins and factor
VIII, respectively. Another marker of eridothelial cell origin,
angiotensin converting enzyme activity, was riot detectable in
cell homogenates. Common leukocyte arid human DR frame-
work antigens were not detected in subcultures, indicating the
absence of contaminating phagocytes of bone macrow origin.
Culture medium was RPM! 1640 supplemented with 17% heat-
inactivated fetal bovine serum (F13S, Flow Laboratories, lr-
vine, Scotland, UK), 5 g ml' human recombinant insulin
(Novo, Copenhagen, Denmark), 10 g ml cet'triaxone (Hoff-
mann-La Roche, Basel, Switzerland). The cultures were main-
tained at 37°C in a controlled atmosphere of 95% air and 5%
C02, and subcultured every four to seven days.
Measurement of I Ca2 17
[Ca2]1 was measured by fluorescence excitation of confluent
monolayers of human cells loaded with the Ca2 -sensitive
intracellular probe fura-2, as previously described [8, 26].
Briefly, cells grown on plastic Aclar coverslips (Allied Engi-
neered Plastics, Pottsville, Pennsylvania, USA) were main-
tained for 24 hours in serum-free media prior to an experiment.
The cells were loaded with 1 /M fura-2 acetoxyiiiethylestcr
(Molecular Probes, Eugene, Oregon, USA) [26] for 40 minutes
in serum-free RPMI 1640, followed by 20 minutes of incubation
in the same medium without fura-2. The coverslips were then
inserted diagonally into an UV-grade quartz cuvette filled with
2 ml of modified Krebs-Henseleit solution buffered with 20 mM
N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic acid (HEPES)
and supplemented with 0.2% fatty acid-tree bovine serum
albumin (BSA). Complete changes of solutions were perforrrrcd
within three seconds by vacuum aspiration and replacement
with prewarmed solutions of appropriate [Na]. Replacement
solutions had the same composition of KHH including BSA,
but Na was isoosmotically replaced with choline, as the Cl
salt, or n-methylglucamine chloride (NMG, Merck-Schuchardt,
Hoenbrunn bei MUnchen, FRU). Fluorescence was trionitored
continuously at 340/500 nm excitation/eiiiissioii wavelengths in
a Perkin-Elrner LS5B spectrofluotometer e9uipped with ther-
mostatically controlled cuvettes and stirring apparatus. Excita-
tion/emission slits were 2.5 and 5 nm, respectively. To validate
the technique, each set of experiments was repeated employing
dual-wavelength fluorometry. 340/380 nm excitation wave-
lengths were alternated at a constant frequency of 70 5 Hz in
a compressed air-driven spinning wheel, multiple wavelength
fluorometer (Cleveland Bioinstrurnentation, Cleveland, Ohio,
USA) [27]. Emission wavelength was set at 500 nfl. Band-
widths of the 340/380 filters were 0.50 nm. Bandwith of the 500
nm emission filter was 0.20 nm (Omega Optical Co.). The ratio
of emissions at 340/380 nm excitation wavelengths was auto-
matically computed and graphically displayed, simultaneously
to either excitation wavelength. Autofluorescence WaS found to
be identical at either wavelength, and thus automatically sub-
tracted by the ratio computer. Background subtraction was
required only for the amiloride experiments, due to intrinsic
fluorescence of the compound. Calibration of Ca2-dependent
fluorescence was obtained by addition of 15 to 40 /LM ionomy-
cm, to saturate the dye to maximal fluorescence, followed by
7.5 mM ethylerieglycol-bis-(3-anrinoethy1ether)N ,N '-tetraacetic
acid (hUlA) plus 60 mM Tris-HCI, pH 10.5, to release Ca2
frorrr fura-2 arid obtain nrniirimal fluorescence. [Ca2J1 was then
calculated according to the formulae Kd (FFojn/FmaxF) for
single-wavelength excitation arid (Fo/Fs)(RRmio/RmaxR) for
dual-wavelength excitation [26]. Frnin/Frnax are the minimal and
maximal fluorescence readings at 340 nm excitation. Rnjn/Rmax
are the minimal and maximal 340/380 nm fluor-escence ratios. F0
and F' are the 380 rim fluorescence excitations in the absence of
Ca2 and at saturating Ca2, respectively. Kd of fura-2 for Ca2
is 224 nrvm [261. As the [Ca2]1 values obtained in single- and
dual-wavelength niode were virtually identical, single wave-
length fluoronnietry was chosen for repetitive measurements.
The tracings shown in the figures reproduce representative
graphic displays in 340 inn excitation mode.
Chemicals
the prostaglandin (PU) endoperoxide analogue U-46619 was
purchased from Upjohn (Kalamazoo, Michigan, USA). All
other cheriiicals, unless otherwise specified, were of the purest
grade available tiorn Sigma (St. Louis, Missouri, USA).
Results
The resting [Ca2]1 of quiescent human mesangial cell mono-
layers was 74 2 n (mean SE, N = 45) in 140 mM Na
solutions. Replacerrient of the bathing solution with isoosmotic,
nominally Na-free media resulted in an immediate rise of
[Ca21], to 739 71 nst (N 25). The elevation of [Ca2']1 was
transient, with complete return to baseline within 44 3
seconds (Fig. 1). 1'he effects of sudden Na removal could not
be attributed to an interference of choline Cl with Ca2 trans-
port, since identical responses were obtained when NMG was
used as an isoosiriutic Na replacement. In eight experiments in
two cell lines, rapid transition to a 140 mri NMG, 0 Na
solution increased [Ca2']1 from a basal of 89 2 to 540 8 n
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Hg. 1. Ljfrcts of sequential removal and re-addition of extracellular
Na° on [Ca2 17 offiira-2 -loaded mono/ayers of cultured human mesan-
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Fig. 2. Effects of graded extracellular Na'- removal on [Ca2J of
cultured human mesangial cells. On the left, control replacement of the
media with identical 140 miii Na solution. Composite tracings repre-
sentative of N = 3 experiments for each [Na'-].
within 15 to 20 seconds. The cells could be subsequently
stimulated with a variety of agonists of phospholipase C, with
increased amplitude of responses. When the bathing solution
was exchanged again to 140 mrvi Na, [Ca2]1 promptly de-
creased by 20 6 flM, followed by slow recovery towards
resting levels, so that by three minutes complete equilibration
of [Ca2i, was attained (Fig. 1). The entire process could be
repeated several times in the same monolayer by performing the
identical experimental sequence. The procedure did not induce
cell detachment, as indicated by constant fluorescence readings
and direct observation of the monolayers by phase contrast
microscopy. The amplitude of the [Ca2]1 response to Na
removal was dependent upon [Naje, as shown in Figure 2.
Graded reduction of [Na]e from 110 to 20 m resulted in
progressively larger [Ca2]1 transients. To confirm that the
[Ca2]1 response was not an artifact of acute perturbation of the
monolayer by changing the solutions, we performed control
experiments in which the same or freshly prepared 140 mM Na
prewarmed solution was added to the cells following aspiration.
As shown in Figure 2, no increment of [Ca2] was detected
under these conditions. Moreover, when only I ml of the
bathing 140 m solution was removed, leaving the coverslip
covered by fluid, and 1 ml of choline, Na'--free solution was
added, thus bringing the final [Na]e to approximately 70 mM,
an identical [Ca2i, transient was observed. Similarly, dilution
of Na in the initial KHH solution to approximately 70 m with
NMG, as described above, raised [Ca2J, to 454 50 nM. Since
under these conditions the sudden change of light transmittance
due to removal of the solution was avoided, it was possible to
determine that no latency exists between decrease of extracel-
lular Na and rise of[Ca2],. For this reason the breaks in trace
recordings due to exchange of the solutions (—3 sec) are
omitted from these and following figures.
We next tried to identify the source of elevated [Ca2]. As
Na/H' exchange is prevented in the absence of extracellular
Na, accumulation of intracellular Ca2 could theoretically
result from intracellular acidification, with pH-dependent inhi-
bition of Ca2 pump(s) [221. However, during the time frame of
the [Ca2]1 response no significant changes of intracellular pH
(pH1) could be detected, as assessed by dual wavelength fluo-
rometry in parallel monolayers loaded with 3 M 2',7'-bis-
(2-carboxyethyl)-5 carboxyfluorescein (BCECF, Molecular
Probes), as previously described [28]. Resting pH1 was 7.04
0.04 in Na solution and 7.05 0.04 after 60 seconds in choline,
Na-free solution (N = 5 in two cell lines; P = NS by unpaired
(-test).
On the other hand, acutely exposing the cells to Nat-free
solutions containing 3 mrvi EGTA to chelate extracellular Ca2'-
failed to elicit a [Ca2], transient (Fig. 3). Under these condi-
tions both the TxA2 mimetic, U-466l9 (Fig. 3B), and angioten-
sin II (Ang II, not shown) were still capable of eliciting rapid
Ca2 mobilization from intracellular sources. Taken together,
these experiments suggest that extracellular Ca2 entry ac-
counts for the [Ca2]1 response to extracellular Na removal.
Opening of voltage-gated cation channels as a consequence of
perturbation of plasma membrane potential by abrupt Na
withdrawal could theoretically mediate Ca2 influx in mesangial
cells. To verify this hypothesis, we preincubated the cells with
10 /LM of the dihydropyridine Ca2-channel blockers, vera-
pamil, nifedipine or nicardipine. No inhibition of the [Ca2]1
rise upon Na removal was detected under these conditions, as
shown in Figure 4, implying that voltage-sensitive Ca2-chan-
nels are not involved in this cellular response. Average peak
[Ca2'-]1 in these experiments were: control Na removal 496
45 nM, verapamil 424 28 nM, nifedipine 509 71 nM, and
nicardipine 466 43 mi (N = 4). Furthermore, membrane
depolarization did not appear to mediate substantial Ca2 entry
in cultured human mesangial cells, since addition of 75 mi KCI
or of the monovalent cation ionophore, gramicidin D (0.2 LM)
did not stimulate an elevation of [Ca2]1 within three mm of
addition (not shown). Various Na and Ca2 transport systems
are inhibited by amiloride in a number of cell types [12—14, 16,
19]. We therefore pretreated human mesangial cell monolayers
with 1 mi amiloride for five minutes prior to Na removal.
Subtraction of amiloride-dependent fluorescence background
was required for these experiments. No elevation of [Ca2'-]1
was detected in six experiments, while U-46619 elicited identi-
cal responses (Fig. 5), thus indicating that the effects of Na
removal are inhibitable by a blocker of cation exchange.
If the effects of sudden Na removal were due to facilitated
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Fig. 3. Effects of chelation of ext racellular Ca2 with 3 mM EGTA (B)
on the elevation of FCa2]1 of cultured human mesangial cells induced
by extracellular Na removal or 1 sM U-46619. A. Control monolayer.
Representative fluorescence tracings of N = 4 experiments.
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Na efflux in exchange for Ca2, one would expect enhance-
ment of the process by Nat-loading the cells. To this end, we
employed the Na ionophore, monensin, which by itself slowly
elevates [Ca2]1 in these cells. An increase of [Ca2] was
apparent within one minute of addition of 10 jsM monensin, and
slowly progressed to steady state levels of 284 58 nM(N = 6).
At these concentrations, monensin appeared to promote extra-
cellular Ca2 entry, as the process was abolished by EGTA
pretreatment of the cells (N = 4). Higher concentrations of
monensin (0.1 mM) may release stored Ca2, as indicated by a
Fig. 6. Effects of Na-loading confluent monolayers of cultured hu-
man mesangial cells on [Ca2 elevation induced by exiracellular Na
removal A. Control monolayer. B. Cells preincubated with 10 LM
monensin (arrow) + 0.1 mri ouabain (5 mm pretreatment). Repre-
sentative fluorescence tracings of N = 9 experiments.
rise of [Ca2]1 to 190 34 nM over 120 seconds in 3 mM EGTA
solutions (N = 6). The effects of monensin may be taken as
evidence of Na/Ca2 exchange in these cells, as internalized
Na may be extruded, at least in part, via an ion exchange
mechanism. To block the simultaneous extrusion of Na by the
plasma membrane Na-K-ATPase, the cells were pretreated
for five minutes with 0.1 msi ouabain. Ouabain alone had no
effect on [Ca2111 during these incubations. As shown in Figure
6B, the combination of monensin and ouabain markedly in-
creased [Ca211 within one to two minutes. Removal of Na at
this time resulted in magnification of amplitude and duration of
the [Ca2 ]1 transient, consistent with enhanced influx of Ca2 in
exchange for a larger mass of intracellular Nat
To understand whether this mechanism of Na/Ca2 ex-
change played any role in modulating the [Ca2]1 responses to
vasoconstrictor agonists of phospholipase C, we stimulated the
cells with maximal concentrations of U-46619 or Ang II in the
presence or absence of extracellular Nat Table 1 shows
marked enhancement of the [Ca2J, responses to these vaso-
constrictors in the absence of extracellular Nat This is graph-
ically illustrated by the tracings of Figure 7, in which the
amplitude of the [Ca2 i response to 1 jLM U-46619 is larger in
the absence (panel A) than in the presence of extracellular Na
(panel B). That the exchanger itself is regulated by prior
stimulation with vasoconstrictors is indicated by the reciprocal
relationship between amplitude of responses: peak [Ca2J1 in
response to Na removal was significantly higher following
prior exposure to U-46619 (Fig. 7B, 8) or Ang II (Fig. 8) for
three minutes. Induction of the exchanger by vasoconstrictors
was particularly apparent in a separate set of sequential studies
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Fig. 4. Lack of effect of voltage-operated Ca2 k-channel blockers on
extracellular Na-removal-induced elevation of I Ca2 J1 of cultured
human mesangial cells. Five minute preincubation with 10 sM vera-
pamil or nifedipine. On the left, control monolayer. Representative
fluorescence tracings of N = 4 experiments for each condition.
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Fig. 5. Inhibition of extracellular Na removal-induced elevation ofICa2 1 j by amiloride in cultured human mesangial cells. A. Control
monolayer, sequentially exposed to Na-free solution and I LM
U-46619. B. Cells preincubated for 5 minutes with I msi amiloride.
Representative fluorescence tracings of N = 4 experiments.
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Fig. 7. Induction of Na*/Ca2 exchange in cultured human mesangial
cells by prior removal of extracellular Na . A. control monolayer
treated with I M U-46619 after extracellular Na removal. B. I MM
U-46619 added prior to Na removal. Note larger [Ca24]1 response to
Na removal following U-466l9 (above dotted line, B), and conversely
larger [Ca2] response to U-466l9 in Na4-free solution (A). Repre-
sentative fluorescence tracings of N = 12 experiments.
on the same monolayers (Fig. 8). In these experiments, after
initial removal of Na, the media was replaced again with a 140
mM Na solution, to which 1 M U-46619 or Ang II were
added. Following return of [Ca2], to nearly basal levels, Na
was removed again, resulting in markedly larger elevations of
[Ca24J, as compared to the first part of the experiment. For
comparison, the effects of the monensin/ouabain Na4-loading
protocol on parallel monolayers are shown (Fig. 8).
Discussion
The present investigation aimed at identifying the presence of
Na-dependent Ca2 transport mechanisms in cultured mesan-
gial cells of human origin. We obtained evidence for a Na/
Ca2 exchanger that, similar to other excitable cells or trans-
port epithelia, regulates [Ca2]1 as a function of Na distribution
across the plasma membranes [16—241. The presence of such
antiporter is easily unmasked by withdrawing [Na]e, thus
creating an outward gradient for Na, whose efflux is balanced
by Ca2 influx. The exchanger appears capable of operating in
reverse mode, that is, Ca2 out—Na in; this is shown by a
brief decrease of [Ca2J below baseline upon depletion of
[Na]1, followed by rapid restoring of normal [Na]. While
acceptable for total removal of Na, such Na gradient model
does not account for the modest [Ca2 4] stimulation observed at
[Na]e above [Na]1, that is, 50 to 140 m. The possibility that
the transporter operates to extrude Ca2 in resting cells must
therefore be considered. If this were the case, Na influx via
the exchanger would be slowed by reduction of [NaJ, result-
ing in a transient accumulation of Ca2. In all cases, the
transient nature of the response to Na removal is most likely
related to activation of other Ca2* homeostatic mechanisms,
such as Ca2 pumps, by the massive elevation of [Ca2]1 [22].
Conversely, inhibition of Ca2 pumps by intracellular acidifi-
cation in the absence of extracellular Na does not play a role
in generating the Ca2 "spike". This is shown by direct
measurements of pH1 that failed to show acute changes during
Na withdrawal. Depletion of intracellular Na, whose con-
centration is already low because of active extrusion via the
Na-K-ATPase, may be another factor contributing to rever-
sal of the [Ca2J1 increase, by dissipating tle gradient driving
Na/Ca2 exchange. Increasing [Na]1 augments the driving
force for Na efflux, resulting in interaalization of larger
amounts of Ca2. Influx of extracellular Na is not mediated by
conventional voltage-operated divalent cation channels (VOC),
since (i) these cells do not respond to depolarization with
detectable increments of [Ca2J1, (ii) VOC blockers do not
modify timing or amplitude of [Ca2] responses to Na with-
drawal, and (iii) Na-free solutions do not depolarize human
mesangial cells, as directly assessed by fluorometry of bisox-
onol-loaded cells [291. Reports of KCI and Bay K 8644-
stimulated Ca2 influx in cultured rat mesangial cells point to
functional differences between human and rat cells [9, 301. It
Table 1. Enhancement of agonist-induced [Ca2]1 elevation by Na4
removal in fura-2-loaded confluent monolayers of cultured human
mesangial cells
2500
Values are mean 5E peak [Ca2], flM.
a P < 0.001 vs. control (I MM U-466l9 or Ang II alone, respectively),
one-way analysis of variance on N = 8 to 14 experiments.
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Fig. 8. Effects of repeated removal of extracellular Na on [Cd17 of
cultured human mesangial cells. Average peak [Ca2j1 following Na*
removal before (Na4-free) and after pretreatment of the same mono-
70 layers with either I jM monensin + 0.1 tLM ouabain (Na loading), 1 MM
tJ-466l9 or I MM angiotensin II (Ang H). Data are mean SE from N =
5 experiments for each condition. All differences between pretreated
monolayers and initial addition of Na-free solution significant at P <
— 0.05 or greater, one-way analysis of variance.
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appears that human cells, at least in our preparations, do not
express functional VOC or lose such phenotype in culture. On
the contrary, it remains to be clarified whether the Na/Ca2
countertransport contributes to agonist-induced depolarization
in these cells, as it would be expected if an electrogenic
exchange were to take place. This is generally the case in most
excitable cells studied, in which the stoichiometry of the
exchange is 3 Na for I Ca2 [31].
Recently, activation of a putative "[Na]-receptor" by
removal of extracellular Na has been shown to discharge
intracellular Ca2 stores via an InsP-dependent process in
human skin fibroblasts [32]. This condition does not seem to
apply to human mesangial cells, in which substantial release of
sequestered Ca2 is ruled out by the EGTA experiments.
Under the same external Ca2-free conditions, in fact, several
agonists of phospholipase C readily induce a typical [Ca2],
"spike". Moreover, in the study by Smith, Dwyer and Smith,
depletion of intracellular Ca2 stores by prior stimulation of the
fibroblasts with bradykinin resulted in blunting of the [Ca2]1
response to Na withdrawal [32]. In our cells, an opposite
behavior was observed, with several stimuli of [Ca2]1 actually
enhancing the effects of Na-free media.
The Na/Ca2 exchanger appears constitutive, since no
induction is required for the cells to express countertransport
activity. For comparison, rat mesangial cells displayed only a
minor reactivity to Na removal under resting conditions, with
barely dectable [Ca2T]1 responses to Na removal. The pres-
ence of a similar transporter in rat cells was readily unmasked
by Na-loading the cells with one of the above described
protocols (Menè P. Pugliese F, Cinotti GA, unpublished re-
sults). Studies in other rat smooth muscle preparations have
identified similarly latent, inducible Na/Ca2 exchangers [16,
17]. The fact that human mesangial cells express such transport
activity under ordinary tissue culture conditions may suggest a
more relevant role of NaICa2exchange in the human glomer-
ulus.
A possible function of the exchanger may be the modulation
of [Ca2]1 fluctuations in response to vasoconstrictors, as
demonstrated by the experiments with a TxA2 mimetic or Ang
II. The larger amplitude of [Ca2]1 transients in the absence of
extracellular Na might imply that Na influx in exchange for
Ca2 significantly contributes to restoring nearly basal [Ca2]1
following discharge of internal Ca2 stores by InsP3. That this
is not the sole mechanism balancing the release of Ca2 is
shown by the lack of prolongation of the [Ca2 +] elevation under
Na-free conditions. Therefore, active re-uptake of Ca2 into
storage sites, extrusion of Ca2 through the plasma membrane,
or other ion exchange mechanisms effectively overcome the
lack of external Na in disposing of the immediate cytoplasmic
Ca2 excess. On the other hand, key to the activity of the
exchanger is prior induction by phospholipase C agonists, as
demonstrated by the sequential experiments, it appears that
prior [Ca2 ] increments, or a direct effect of vasoconstrictors
through receptor-operated mechanisms, upregulate the ex-
changer. Alternatively, it could be that larger availability of
intracellular Na in vasoconstrictor-stimulated cells allows for
greater influx of Ca2 upon withdrawal of extracellular Nat
This situation would be mimicked by our experiments with
monensin and ouabain. A rise of [Na] is a known conse-
quence of stimulation of the cells by vasoconstrictors [15].
Pathways leading to this event include activation of Na'/H
exchange, previously documented by us and others in this cell
type [14, 28, 33], Na channel opening [34], and, possibly, the
same Na/Ca2 exchanger [16—24, 31, 321. Finally, enhanced
discharge of intracellular Ca2 stores by vasoconstrictors may
result from improved refilling by Ca2 entering the cells via the
exchanger. The larger amplitude of the transients would there-
fore result from the combination of these two events, that is,
phospholipase C-driven discharge of Ca2 stores, and Na-
dependent Ca2 entry. The mechanism(s) underlying vasocon-
strictor enhancement of this countertransport system are pres-
ently under active investigation in our laboratory, with
particular respect to the Ca2 and protein kinase C dependency
of the process.
The presence of a constitutive, inducible Na/Ca2 ex-
changer in cultured human mesangial cells further strengthens
the functional link between this glomerular cell type and vas-
cular smooth muscle, which is generally endowed with such
transport mechanism [16—24, 31]. Differences in the expression
of the Na/Ca2 exchanger between rat and human cells are in
keeping with previously established diversities in their func-
tional behavior, including rate of growth, life span in culture,
and receptors for autacoids [2, 8, 35]. One interesting difference
in the kinetics of the response of mesangial cells to vasocon-
strictors is represented by the faster return of [Ca2] towards
baseline in human cells, as opposed to rat cells. Under most
conditions, it is possible to discriminate two components of the
[Ca2]1 response in human cells, with a tonic phase delayed
several seconds after the initial rapid peak [2, 8, 281. More
efficient, rapid Ca2 extrusion via the Na'/Ca2 exchanger may
provide an explanation for this species difference. In general,
the presence of multiple systems for [Ca2 ] regulation suggests
that mesangial cells handle frequent, large changes of [Ca2 lI.
possibly as a result of receptor-mediated activation of the
phospholipase C/InsP signalling mechanism by vasoconstric-
tors. Abundance of receptors for such compounds, and their
marked effects on the local microcirculation, are consistent
with a regulatory role of the mesangium on glomerular hemo-
dynamics. Other Ca2-dependent functions, such as secretion
or cell proliferation, may be critically dependent upon the
activity of the Na/Ca2' exchanger. A putative role of vascular
smooth muscle Na/Ca2 exchange in the pathophysiology of
essential hypertension is presently under intense investigation
[36, 37]. The hypothesis that [Ca2]1 of resistance vessels is
controlled by transmembrane Na gradients requires evalua-
tion by multiple approaches in vivo and in vitro. The present
findings disclose a new interesting model for the study of renal
ion transport mechanisms and their regulation.
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